Objective: To assess the safety, tolerability, and efficacy of interferon beta-1a (IFN␤-1a) combined with methotrexate (MTX), IV methylprednisolone (IVMP), or both in patients with relapsingremitting multiple sclerosis (RRMS) with continued disease activity on IFN␤-1a monotherapy.
Several lines of evidence support the rationale for combination therapy for patients with relapsing-remitting multiple sclerosis (RRMS) with continued disease activity despite diseasemodifying monotherapy. MS pathogenesis has numerous potential mechanisms, and may be heterogeneous across patients and within patients over time. Partially effective agents could work additively or synergistically. Agents in combination might allow lower dosing and side effects. Combination therapies are useful for other immune-mediated diseases, hypertension, infections, and cancers.
The Avonex Combination Trial (ACT) assessed the safety, tolerability, and efficacy of interferon beta-1a (IFN␤-1a) combined with low-dose oral methotrexate (MTX), IV methylpred-nisolone (IVMP), or both in participants with active RRMS on IFN␤-1a alone. Although clinical experience and preliminary studies supported the safety and benefit of these combinations, additional data were needed to justify widespread use.
METHODS ClinicalTrials.gov identifier: NCT00112034. Study design. ACT was a randomized, multicenter, investigatorrun 2 ϫ 2 factorial clinical trial. The rationale and design were reported previously. 1 Seventy-two centers participated (appendix e-1 on the Neurology ® Web site at www.neurology.org), including 28 university clinics, 7 multispecialty groups, and 37 general neurology practices. A treating neurologist and treating nurse supervised medical management. An examining neurologist performed a standardized neurologic examination, calculated Functional System and Expanded Disability Status Scale (EDSS) 2,3 scores at scheduled and unscheduled visits, and confirmed protocol-defined relapses. An examining technician performed the MS Functional Composite (MSFC) 4 at scheduled and unscheduled visits. Both were trained and certified at prestudy investigators' meetings.
Participants. Protocol and consent documents were approved by local institutional review boards. Participants provided written informed consent before any study-related procedures, and were reconsented after major protocol revisions. Key inclusion criteria included age 18 -55, MS diagnosis, 5 RR course, 6 EDSS 0.0 -5.5, 2,3 IFN␤-1a treatment for Ն6 months, active disease in prior 12 months (Ն1 relapse or Ն1 gadolinium-enhancing [GdE] cranial/ spinal MRI lesion Ն6 months after initiating IFN␤-1a), MRI demonstrating T2-hyperintense lesions (T2 lesions) consistent with MS, and ability to perform the MSFC. 4 Key exclusion criteria included medical conditions or laboratory abnormalities contraindicating study medications, relapse within 60 days, inability to undergo MRI with Gd, MS treatments (specified washouts), and prior anti-IFN␤ neutralizing antibody (NAb) titer Ն1:5.
Treatment. Eligible participants continued weekly IFN␤-1a 30 g IM and were randomized with equal probabilities to the following groups: group 1 weekly oral placebo, group 2 weekly oral MTX 20 mg, group 3 weekly oral placebo and bimonthly IVMP 1,000 mg/day 3 consecutive days, and group 4 weekly MTX and bimonthly IVMP. All participants received daily oral folic acid 1 mg. MTX/placebo was uptitrated from 10 to 20 mg over 2 months. The dose could be divided, reduced, or temporarily discontinued according to a prespecified algorithm for laboratory abnormalities or side effects. Participants, study personnel, and steering committee including study statistician were blinded to MTX/placebo assignment. Clinical and MRI evaluators and study statistician were blinded to IVMP assignment.
Outcome measures. The primary endpoint was new or enlarged (N/E) T2 lesion number at month 12 vs baseline. Secondary outcomes were GdE lesion number, relapse rate, MSFC change, and brain parenchymal fraction (BPF) percent change. Analyses of T2-and T1-hypointense (T1) lesion volumes, time to first relapse, relapse-free proportion, and EDSS change were preplanned. Participants were classified on a composite outcome defined as any combination of EDSS worsening (increase by Ն1.5 from 0 or Ն1.0 from Ն1.0), relapse within 365 days, or GdE or N/E T2 lesion on follow-up MRI.
Screening, baseline, and follow-up assessments. Follow-up was 12 months postrandomization. Screening visit included vital signs, physical examination, EDSS, three MSFC practice sessions, blood chemistry, complete blood count, hepatitis screen, HIV antibody screen, serum pregnancy test, urinalysis, chest X-ray, and brain MRI. Baseline visit, within 30 days, included vital signs, EDSS, MSFC, blood chemistry, complete blood count, urinalysis, and anti-IFN␤ NAb. Participants were randomized by interactive voice response system. Participants randomized to IVMP underwent dual energy X-ray absorptiometry (DEXA) scanning of nondominant or bilateral total hip and femoral neck and anteroposterior lumbar spine before treatment.
Safety and laboratory evaluations were scheduled at months 1, 2, 3, 4, 6, 8, 10, 12, and 1 month after completion of treatment, or at early termination. EDSS, MSFC, and anti-IFN␤ NAb were repeated at months 6 and 12 or at early termination. Cranial MRI and DEXA scan were repeated at month 12 (2 months after the last scheduled IVMP course) or early termination.
On-study relapse was defined as new/recurrent neurologic symptoms developing Ն30 days after onset of a previous confirmed relapse; evolution Ͻ3 months; duration Ն24 hours; with corresponding change on examination, and without fever or intercurrent illness. An unscheduled visit was conducted within 72 hours of site notification. Relapses confirmed by the examining neurologist were treated, if needed, with IVMP 1,000 mg/day for 3-5 days without oral taper.
MRI acquisition and analyses. Magnetic resonance images
were acquired at 1.5 T per standardized protocol, 1 and shipped electronically to the MRI Analysis Center. Before enrolling participants, sites submitted an MS patient test scan for approval of scanning and data transfer techniques. Scans underwent subvoxel registration to the baseline scan, and N/E T2 lesion number, T2 and T1 lesion volumes, GdE lesion number and volume, and BPF were analyzed using automated software. 1, 7, 8 Enlarged T2 lesions had volume increase Ն20%.
Anti-IFN␤ NAb. Serum anti-IFN␤ NAb were measured at Biogen Idec using a two-step assay. 9 Samples with titer Ն20 were classified as positive.
Study governance and management. The steering committee of investigators plus representatives of Cleveland Clinic MS Academic Coordinating Center and sponsor (appendix e-1) held monthly teleconferences for protocol development, study oversight, analysis plan approval, and results interpretation. An independent data safety monitoring committee met semiannually to review trial conduct and unblinded interim safety data. The data safety monitoring committee provided input concerning study design, analysis, and interpretation. An advisory committee provided additional clinical, imaging, and statistical input. MS academic coordinating center responsibilities included site management, administrative support of study committees, MRI analysis center, medication and visit tracking, methylprednisolone distribution, medication and adverse event coding, data management, and statistical analyses. 1
Statistical considerations. ACT used permuted-blocks ran-
domization with blocks of four and eight, start based on anticipated site enrollment, and restrictions limiting intrasite confounding. Power against the primary endpoint was estimated using month 12-24 data from 260 participants (32.4% of 802) at both doses in the European Study Group on Interferonbeta-1a in MS Dose Comparison Study (IFN␤-1a dosecomparison study), 10 whose baseline-month 18 disease activity mimicked ACT entry criteria. Power for either treatment assum-ing inefficacy of the other was estimated at 89% against a beneficial cumulative odds ratio (OR) ϭ 0.45 in a proportional odds model, and 81% against OR ϭ 0.50. Power estimates declined to 81% and 72% with the other therapy assumed highly effective (OR ϭ 0.20). Re-estimates based on ACT data suggest these values exceeded achieved power by an absolute 10%. MRI lesions were analyzed by proportional odds models 11 for counts and rank-based nonparametric analysis of variance or covariance 12, 13 for volume changes. Relapse rates were analyzed by negative binomial regression, 14 time to first relapse by Cox proportional hazards regression, relapse-free proportions by logistic regression, and individual annualized relapse rates by proportional odds model for five categories. A proportional odds model was fit to trichotomized EDSS change: worsening (increase by Ն1.5 from 0 or Ն1.0 from Ն1.0), improved (decrease Ն1.0), or stable. MSFC change was evaluated by factorial analysis of variance, and relative BPF change by Gaussian generalized linear model with log link. 15 A composite freedom-from-MS activity dichotomy was analyzed by logistic regression. Categorical data and rank analyses were used for skewed outcomes to avoid heavy influences by participants exhibiting unusually large values on analyses of means or totals. Most variables were screened for MTX ϫ IVMP interactions using the interaction test for a factorial model of indicated type, at prespecified 1% level. Lesion volume variables were screened for interaction using stratified exact tests on residuals from main effects models. Absent significant interaction, treatment effects were tested at prespecified 5% level in a main effects model. Analyses were adjusted for prespecified baseline covariates selected blind to ACT outcome data based on analyses of the IFN␤-1a dose-comparison study 10 and the placebo group of Safety and Efficacy of Natalizumab in Combination with Interferon ␤-1a in Patients with Relapsing-Remitting MS (SENTINEL). 16 Reported analyses followed strict intention-to-treat. N/E T2 lesion and relapse rate analyses used multiple imputation by predictive mean matching for participants not undergoing month 12 MRI scans, and to project data forward for early dropouts. Imputations used treatment-group-specific models, including prespecified covariates, time-dependent variables identifying cessation of MTX or IVMP, and, for relapses, on-study relapses prior to withdrawal and 6-month MSFC if available. For other outcomes except MSFC, missing data were imputed by last observation carried forward or, when no follow-up observation was obtained, averaging the four treatment group means of study completers. MSFC was calculated by averaging Timed 25-Foot Walk, Nine-Hole Peg Test, and 3-second Paced Auditory Serial Addition Test Z-scores, using pooled baseline data as reference population. 17 Missing MSFC values were imputed using standard conventions. 18 Adverse events were coded using MedDRA (version 6.1) preferred terms and systems, and analyzed using 2 ϫ 2 factorial and main effects logistic regression models, with exact tests and mid-p values for events with cell expected values Ͻ4. Generalized additive modeling 19 was used to study vital sign trends. Treatment effects on anti-IFN␤ NAb titer were tested by exact stratified Wilcoxon test. 20 Appendix e-2 provides additional statistical details. Efficacy results. Table 1 shows the distribution by treatment of the primary endpoint, N/E T2 lesion number. Sixty-six to eighty percent of patients had Յ1 lesion for all groups. Although the group 4 mean was half that of group 1, this was largely due to the distribution across treatments of 7 participants (2.2%) with 12-22 lesions, including 5 controls. Without these participants, the control group mean was the lowest of the four treatment groups. Overall, 216/ 442 (49.0%) of the N/E lesions were enlarged and 58/ 442 (13.1%) were also GdE. Conversely, 58/77 (75.3%) of GdE lesions at month 12 were N/E. Table 2 and table e-3 summarize data on secondary outcomes. Table 3 and table e-4 report main effects of both therapies for study outcomes. No MTX ϫ IVMP interactions were significant. Main effects were small to moderate. Specifically, for lesion volume measures, the mean rank differences of 1.6 to 10.6 were small relative to the possible maximum with strong treatment effect of 78.25.
RESULTS
Modest trends favoring MTX were observed for several outcomes; no effect approached significance. Trends with IVMP were favorable for the primary outcome of N/E T2 lesions (OR ϭ 0.74), the secondary outcomes GdE lesions (OR ϭ 0.69) and relapse rate (RR ϭ 0.70), other relapse-derived measures, EDSS change (OR ϭ 0.76), MSFC change (difference in means ϭ 0.02), the composite disease activity outcome (OR ϭ 0.78), and T2 lesion volumes (for which trends were marginally significant: p ϭ 0.07 for absolute and p ϭ 0.04 for relative changes). However, p values for the primary and four secondary outcomes were 0.12 or higher. Trends with GdE and T1 lesion volumes were negligible, and BPF showed an unfavorable trend (change ratio ϭ 1.08).
Safety and tolerability. Combination regimens were generally well-tolerated. While participants remained on treatment, 97.1% of IFN␤-1a, 89.6% of MTX, and 94.2% of IVMP doses were full doses. There were 3,413 total AEs including all follow-up (a minor-ity of participants were followed Ͼ1 year under the original 24-month protocol). There were no malignant neoplasms, opportunistic infections, or unanticipated toxicities (tables e-5 and e-6). Forty-one serious adverse events occurred in 36 participants, including one sudden death assessed as probably due to myocardial infarction, and considered unrelated to study medications by the investigator. No autopsy was performed. Bradycar-dia in group 2 and spontaneous abortion in group 4 were assessed as related to MTX, which was permanently stopped. Pneumonia in group 4 was assessed as likely related to oral study medication and IVMP, neither of which were stopped.
The only significant time trend in vital signs was respiratory rate decline (approximately 1 breath per minute) over 1 year in Group 3 (p ϭ 0.0002), with a nonsignificant trend in group 4. There were moderate overall decreases in hemoglobin and hematocrit and increased mean corpuscular volume with MTX. No clinically significant effects of IVMP on hematologic parameters were seen. Clinically significant effects of MTX on alanine transaminase and aspartate transaminase were infrequent and generally mild. Mean transaminase levels increased modestly over time in IVMP-treated participants, with very few clinically significant abnormal values. There were no clinically important treatment differences in frequencies of urinalysis abnormalities. DEXA results will be reported separately, but this IVMP regimen appeared not to accelerate bone mineral density loss.
Anti-IFN␤ neutralizing antibodies. Overall, 38/808 (4.7%) of assays in 18/313 (2.6%) of participants were positive. The data suggested IVMP inhibited serum anti-IFN␤ NAb at months 6 (p ϭ 0.015) and 12 (p ϭ 0.018) (table 4).
DISCUSSION
The safety of ACT combination therapies was consistent with known effects of MTX
Figure
Study summary *Two participants discontinued interferon beta-1a (IFN␤-1a) and placebo. †Three participants discontinued IFN␤-1a and methotrexate (MTX). ‡One participant discontinued IFN␤-1a and placebo, and two participants discontinued placebo and IV methylprednisolone (IVMP). § Two participants discontinued IFN␤-1a and MTX. and IVMP and raised no new concerns when combined with IFN␤-1a. Trends favorable to IVMP were seen for several clinical and MRI endpoints, but these were not significant. The data did not suggest benefit of MTX combined with IFN␤-1a. Previous publications discussed the rationale for combination therapy in MS, selection of MTX and IVMP as adjunctive therapies, and the dose regimens. 1, 21 Numerous trials of MS combination thera-pies have been conducted, almost all pilot studies. 21 SENTINEL, the largest combination therapy trial to date, demonstrated the tolerability and efficacy of natalizumab combined with IM IFN␤-1a compared to IM IFN␤-1a. 16 The design precluded comparison of the combination to natalizumab, and illustrated the potential for unanticipated toxicity (progressive multifocal leukoencephalopathy). 22, 23 Despite a seemingly strong rationale for combination MS ther- Table 2 Descriptive statistics of secondary outcomes by treatment group apy, no large-scale study has yet definitively shown an advantage over both platform and adjunctive agents. ACT had several noteworthy features in design, conduct, and analysis. 1 Most important, although ACT was a large-scale trial funded by a pharmaceutical company, scientific governance and study management were investigator-run. It was hoped this would foster innovation in design and conduct, promote analyses of interest to the field, and contribute to acceptance of results. In general, administrative aspects of ACT functioned well.
Also of interest was the 2 ϫ 2 factorial design, the advantages of which are illustrated by comparison to alternative two-and three-group designs, assuming 300 total available participants. The factorial approach allows evaluation of each adjunct by comparing 150 patients allocated to it with all remaining patients as controls. Moreover, the MTX ϩ IVMP group provides data on use of both adjuncts. Separate two-group studies with roughly 75 participants per group would have lower statistical power and provide no data on combined adjunct use. A threegroup study allows comparison of placebo vs MTX vs IVMP adjunct therapies in groups of about 100 patients each, but again joint use is not tested.
The 2 ϫ 2 factorial design retains much of the flexibility of separate two-group designs, for example allowing distinct endpoints with different levels of masking for the two agents, as in the original ACT design. This is advantageous when distinct mechanisms of action targeting different disease manifestations are hypothesized. The sample size advantage of the factorial approach, though, assumes that a second adjunct leaves the statistical effect of the first unchanged. ACT data were consistent with this assumption, showing no significant MTX ϫ IVMP interactions.
ACT had several shortcomings. First, although the MTX comparison was placebo-controlled, IVMP was compared to no treatment. IV placebo was considered, but ethical and practical issues, including difficulty of blinding due to infusion-related adverse effects, were felt to outweigh advantages. To minimize potential bias, clinical and MRI evaluators (including the evaluating neurologist who adjudicated potential relapses) and the study statistician were blinded to IVMP assignment during the trial. Second, largely due to financial constraints, DEXA scans were performed only on participants receiving bimonthly IVMP, precluding isolating IVMP's bone mineral density effects from those of MS or other causes. Third, sample size was limited by unexpectedly slow enrollment. The factorial approach requires participants accept randomization to both test agents. Some potential participants who might have enrolled in an MTX trial were deterred by potential randomization to IVMP. 1 Finally, event rates in ACT were lower than previous studies. For example, mean N/E T2 lesions were 1.8 in ACT group 1 (IFN␤-1a alone) vs 2.5 in the IFN␤-1a dosecomparison study 10 30 g group at month 24 vs 12 and 2.4 in the SENTINEL 16 IFN␤-1a alone group at year 1 vs baseline. In consequence, achieved power was modestly reduced, but remained substantial against effects half or less those of natalizumab.
ACT outcomes, particularly MRI measures, were highly skewed. This renders analyses based on average lesion counts or volumes vulnerable to distortion by uncommon very high observations. Hence, ordinal (rank-based) statistical methods were chosen for most analyses, including for the primary endpoint. The nonsignificant benefit with IVMP observed largely in the upper tail of N/E T2 lesions may represent a substantial treatment effect limited to a small subpopulation, a widespread but small benefit missed by chance, or a chance effect of randomization. ACT data do not distinguish these possibilities.
Overall, 5.1% of participants had a positive baseline IFN␤ NAb titer, a slightly higher proportion than in other studies of IM IFN␤-1a. 10 The increased prevalence might reflect selection of participants with active disease on IFN␤-1a therapy. Although the number of participants with positive baseline NAb titers was small, ACT data suggest that IVMP might lower NAb titers, which deserves further study.
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Changes in serum anti-interferon beta-1a neutralizing antibody titer from baseline to month 6 and month 12 
